ABSTRACT: A population of the lucinid bivalve Lucinorna aequizonata, with sulfur-oxidizing endosymbiotic bacteria in the gills, is restricted to a narrow depth range (500 -f-10m) on the slope of the Santa Barbara Basin, California, USA. In this zone, the seawater just above the substratum is sub-oxic ( [ 0 2 ] < 2 0 F M ) . The organically rich sediments in which these clams live are well mixed by bioturbation, which appears to maintain a redox condition Limiting the extensive accumulation of hydrogen sulfide. However, thiol levels in the blood of the clams indicate an exposure to significant amounts of sulfide and/or thiosulfate apparently from randomly &spersed short-lived pockets of sulfidic mud that can b e reached by the clam's burrowing vermiform foot. When the bivalves are incubated in the presence of hydrogen sulfide, thiosulfate is concentrated in the blood and apparently utilized by the bacteria for metabohc energy and the production of intracellular elemental sulfur. Laboratory growth experiments demonstrated that sulfide concentrations greater than 10 F M were detrimental to the host, even though the bacteria continued to accumulate elemental sulfur. The utilization of thiosulfate under near anaerobic conditions and the accumulation of intracellular elemental sulfur by the endosymbiotic bacteria coupled with the high availability of environmental nitrate and low molecular oxygen suggests a metabolic strategy analogous to the free-living sulfur oxidizer Thlobacillus denjtrificans. The 6 ' 3~ values of the purified endosymbiont bacteria (-34.0 5 0.8%) were significantly lighter than those of the host tissue (-29.0 + 0.7 %) suggesting that in addition to the nutrition provided by the bacteria, over 25 % of the host carbon may b e attributed to exogenous dissolved carbon which is in high concentrations in its natural habitat.
INTRODUCTION
Marine molluscs that contain symbiotic sulfur-oxidizing chemolithoautotrophic bacteria are known from a variety of sulfide-rich habitats, such as: sewage outfall areas , pulp mill effluent sites (Reid 1980) . anoxic basins , brine and hydrocarbon seepage sites (Paull et al. 1984 , Brooks et al. 1987 , mangrove swamps (Schweimanns & Felbeck 1985) , seagrass beds (Fisher & Hand 1984) , and hydrothermal vents (Felbeck 1981 , Cavanaugh 1983 . A common feature of these habitats is the simultaneous availability of biogenically or geochemically produced hydrogen sulfide and molecular oxygen. Key enzymes for sulfur metabolism and carbon dioxide fixation via the Calvin-Benson cycle have been identified in the symbiont-containing tissues. Current theory holds that the bacteria provide the host with some form of chemosynthetically fixed carbon obtained through the oxidation of reduced sulfur, in return for a protected environment (Felbeck 1985 , Anderson et al. 1987 .
Sulfur-based symbioses in molluscs are not restricted to sulfide-rich habitats, but are found in sediment environments where sulfide concentrations are extremely low (Dando et al. 1985 ). Although enzyme analyses and the presence of accumulated elemental sulfur in the gills of such bivalves would indicate a n active sulfur metabolism, it is uncertain by what mechanism enough sulfide is obtained to meet the metabolic demands of the hosvsymbiont system. The study of the nutritional interaction between host and symbiont has been hindered because these molluscs are difficult to maintain in the laboratory. Moreover in vitro cultivation of the symbionts has not been successful, and symbiont-free hosts are not as yet available.
Several factors have identified the host's close nutritional dependency on its symbionts. The reduction or absence of a functional digestive tract in many of these symbiont-containing species ( M e n 1958 ( M e n , Reid 1980 limits the hosts' nutritional sources to dissolved material and/or the translocation of reduced carbon from the symbionts. In addition, indirect evidence suggesting the importance of bacterial carbon in the hosts' nutrition comes from studies of stable carbon isotope ratios (Rau & Hedges 1979 , Rau 1981 , Felbeck 1983 . The isotopic composition of organic matter is determined by several well-characterized reactions which establish an isotopic signature that vanes only slightly as the carbon moves through the trophic pathways (Rau et al. 1983 , Fry & Sherr 1984 , Spiro et al. 1986 ). Such stability allows the origin and contribution of a carbon source in a particular organism to be estimated. The stable carbon isotope values reported in bivalves for tissues either with or without chemoautotrophic symb~onts (b13C = -30 to -28 %o) are similar to each other and isotopically lighter (depleted in 13C) than analogous heterotrophic representatives (Rau 1981 , Southward et al. 1981 , Felbeck 1983 , Spiro et al. 1986 ). The similarity of the 2 tissues qualitatively indicates that most of the nutritional requirements of the hosts are provided by the chemoautotrophic endosymbionts. If a difference in the 6l3C values had been observed between these 2 tissues, it might represent the influence and importance of alternate sources of reduced carbon with different isotopic signatures (Fry & Sherr 1984) .
Most of the stable carbon isotope studies have used 'symbiont-containing' tissues, e.g. gill tissue, which were compared dlrectly with host tissue. Since the great bulk of the symbiont-containing tissue is of host origin (95 to 98 %), the reported results may not have reflected the true isotopic variation between the host and bacteria. Therefore, the possible nutritional influence of alternative carbon sources may be masked because differences in the 613C values would not have been detected. Previous isotopic s t u d~e s have generally focused on species from sulfide-rich habitats where reduced sulfur substrates for the symbiosis are plentiful and there is less need to acquire reduced carbon from exogenous sources. In contrast, in symbiont-containing species that inhabit environments where reduced sulfur is both limited and its availability unpredictable, alternative sources of carbon could well play a more important role in the nutrition of the host.
In the present study we have investigated the nutritional strategy of a burrowing bivalve, Lucinoma aequizonata, that contains sulfur-oxidizing bacteria yet inhabits an almost sulfide-free environment. L. aequizonata inhabits the narrow anoxic/o?uc boundary (500 _t 1 0 m depth) of the Santa Barbara Basin. The basin is essentially anoxlc ([02] < 10~ilV) 50 m below sill depth (475 m) except during periods of flushing (Sholkovitz & Gieskes 1971) . L. aequizonata, like other members of the family Lucinidae, contains endosymbionts in the gills and enzymes that identify sulfurbased metabolism with carbon futation via the CalvinBenson cycle (Felbeck 1981 , Schweimanns & Felbeck 1985 . The accumulation of elemental sulfur by the bacteria in the gills indicates reduced sulfur is available to the bivalves (Vetter 1985) ; however, no sulfide has been detected in the sediment pore water at this depth in the basin (present study). Dando et al. (1985 have investigated similar symbiotic bivalves that inhabit low sulfide environments yet have only speculated on the origin and importance of reduced sulfur compounds to the nutrition of these organisms. The purpose of this present investigation was to measure the nutritional resources in the sediment environment of Lucinoma aequizonata and to quantify the possible nutritional dependency of the host on its bacterial symbionts. Special attention is given to (1) geochemical characterization of the sediment/pore water habitat of L. aequizonata, (2) determination of how the clams obtain and manipulate reduced sulfur species, and (3) alternative carbon sources available to the bivalves.
METHODS AND MATERIALS
Collection of bivalves and symbiotic bacteria. A population of Lucinoma aequizonata appears to be restricted to the anoxic/oxic boundary on the slope of the Santa Barbara Basin, California, USA, at a depth of 490 to 510 m (Fig. 1 ). This zone is characterized by low oxygen levels, yet the sediment remains heavily bioturbated in comparison to the highly layered ('varved') sedirnents slightly deeper in the basin. Specimens for these studies were collected using either an Otter Trawl, or a Van Veen grab if the associated sediment was required. When necessary, animals were rnaintained in the laboratory in the sediments in which they were collected and at temperatures typical of thelr habitat (7°C). Once on the surface, clams selected for samples of mantle water and blood analyses were immediately placed under a nitrogen atmosphere to inhibit the oxidation of reduced sulfur compounds that might be present. If the clam was acquired with the Van Veen grab, mud closely associated with it was collected for pore water thiol analyses.
Clam mantle water was extracted by inserting a blunt spatula between the valves near the umbo and allowing the mantle water to drain. The clam was then carefully opened and the interior blotted dry. The blood was collected by m a h n g a shallow ( l mm) cut in the Fig. 1 . Location of box cores SB-1 and SB-2 collected from the 500m contour in the Santa Barbara Basin, California, USA mantle with a scalpel and collecting the seeping fluid. The condition of the clams that were collected varied. Those with yellow gills, due to the presence of elemental sulfur (Vetter 1985) , were considered in good health and those with black, atrophied gills, with few symbionts, were considered to be in poor condition. Symbiont (gill) and non-symbiont containing tissue (foot, mantle) samples were removed and frozen for stable isotopic analyses. In addition, purified bacteria were obtained from selected individuals by gradient centrifugation (Distel & Felbeck 1988 ) and stored frozen for isotopic analyses. A filter-feeding bivalve mollusc Cyclocardia venh-cosa and a small carnivorous gastropod Mitrella permodestra, which are predominant in this specialized habitat, were also collected and frozen for isotopic analyses.
Sediment pore water analyses. Sediments for pore water extractions were obtained from 500m depth using a Soutar box core which is specifically designed to obtain sediments with an undisturbed surface (Soutar & Crill 1977) . Sub-cores (30 to 50 cm in length) were carefully taken in polyethylene core liners from 2 selected box cores, and stored capped in a refrigerator (2°C) until they could be sub-sampled. On one occasion a healthy Lucinon~a aequizonata was collected in the box core. A sub-core was taken near to the burrow. and the sediment and pore waters analysed.
All sediment processing was carried out in a glove bag under a nitrogen atmosphere at near in situ temperature (7 "C). The sub-cores were extruded at 0.5 cm increments for the first 2cm, and then at 1 cm increments to the bottom of the respective core. Each interval of sediment was sealed under nitrogen in a clean polyethylene tube and centrifuged at 2500 X g for 5min. The tubes were returned to the glove bag, and the supernatant was removed by plastic syringe. The pore water was slowly filtered through a nucleopore filter (0.22 pm) into acid-washed polyethylene vials. A part of each sample was acidified with ultraclean hydrochloric acid to pH 2 for analysis of nitrate, iron, and manganese. An aliquot was removed immediately after filtering from the unacidified fraction for sulfide determination and a portion was frozen at -80 "C for amino acid analysis. Portions of the unacidified fraction were also analysed on board ship for ammonia and later in the laboratory for sulfate. The sediment pellets were sealed under a nitrogen atmosphere and frozen (-80°C) for analysis of the remaining solids. A subsample of sediment from each depth section of the core was dried to constant welght at 100°C for determination of water content.
In addition to the sub-cores that were analysed, isolated mud samples based on color (black to green) were also taken from the Van Veen grab samples and independently analysed for reduced sulfur compounds. When a clam was collected in the grab, portions of the sediment surrounding the bivalve were sampled, acidtreated to remove bicarbonate, and then freeze-dried for organic carbon stable isotope analysis.
Determination of selected inorganic and organic components in pore water, mantle water and blood. Pore water concentrations of nitrate with nitrite (Gieskes & Peretsman 1986), reduced iron (Stookey 1970) , manganese (Brewer & Spencer 1971), sulfate (Tabatabai 1974) , and ammonia (Solorzano 1969 ) were determined by methods described by the respective authors. Amino acids in the pore water samples were derivatized with o-phthaldialdehyde (OPA) as described by Lindroth & Mopper (1979) . The OPAderivatives were separated by high pressure liquid chromatography (HPLC) using elution gradients as described by Manahan et al. (1983) . Peaks were monitored fluorometrically and identified by elution time. Sixteen amino acids were quantified by digital integration with a maximum error of k 4 %.
The concentrations of sulfide and thiosulfate were determined in blood, mantle water, and pore water by derivatization followed by HPLC (Vetter et al. 1987 , Vetter et al. 1989 , which is a modification of the original technique of Fahey & Newton (1987) . Samples were denvatized with monobromobimane on board ship and stored frozen. In the laboratory, the derivatized samples were separated by HPLC on a C-18 reverse-phase column with a methanol-water gradient and detected and quantified by fluorescence.
Sediment solid analyses. The solids from selected cores were analysed for bound thiols (metal sulfides) and carbon content. The percentage of acid-volatile sulfide (AVS) was determined gravimetrically by acidifying a portion of the sediment and precipitating any volatile sulfide in a silver nitrate trap (Klug et al. 1985) . The remaining washed sediment was subjected to aqua regia oxidation for 1 6 h and the filtrate analysed for sulfate to determine the percentage of pyrite (Klug et al. 1985) . The remainder of the sample was washed in deionized water and dried to constant weight at 100°C. The organic carbon content of each of the fractions was determined using a Coulometer (Coulometrics Inc.) which measures carbon dioxide. Briefly, a known weight of the sample was combusted and the total carbon determined by the amount of carbon dioxide emitted. A second portion of the sample was acidified in 2 N hydrochloric acid and the percentage of carbonate was calculated from the Liberated COz. The percentage of organic carbon in salt-free dry sediments was then determined by difference.
Selected sediment samples from the cores were washed through a stack of 4 sieves (250, l??, 125 , and 62 vm mesh) and the fractions briefly washed in 3 O/O hydrogen peroxide to disrupt the fecal pellets. The remaining foraminifera tests were combined, dried and weighed in order to determine the abundance and depth distribution of benthic and planktonic foraminifera.
Stable isotope analyses. Aliquots of the frozen tissues and isolated bacteria were later freeze-dried and prepared for stable carbon isotope determination. Portions of the dned tissues and sediments (3 -+ 2mg)
were combusted at 850°C for 3 h in evacuated, sealed quartz ampules in the presence of copper, copper (11) oxide and silver as described by Stump & Frazer (1973) and Northfelt et al. (1981) . Carbon dioxide was purified, measured volumetrically, and sealed in pyrex tubes for subsequent mass-spectrometric analysis of the stable isotope ratios. All carbon isotopic results are expressed relahve to Pee Dee Belemnite standards with a precision of t 0.1 %.
Dissolved oxygen determination. In addition to the sediment core samples taken as described above, larger sub-cores were taken from the Soutar box core to be used as artificial burrow habitats. Three plexiglass core liners (15 cm diameter) were inserted into the sediment in the box core. The sealed liners were removed with the sediment sample and transferred into a glove bag that contained a gas mixture with a pamal pressure of oxygen that would maintain an oxygen concentration in the chambers approximating the ambient environment (20 pm). The artificial habitats were refrigerated to ambient temperature (7 "C) for the duration of the study. Care was taken not to disturb the finely graded surface sediments. In the laboratory, a peristaltic pump continually moved water from a central sump across the surface of each habitat within the glove bag. The sump water was replaced each day with fresh seawater degassed with the gas mixture. A single Lucinoma aequizonata was placed into each of the habitats and allowed to burrow for 2 wk.
Small-scale oxygen profiles were determined for the burrows with cathode-type oxygen microelectrodes and a separate reference electrode (Revsbech et al. 1980 , Revsbech & Ward 1983 . The electrode potential was measured using a pico-ammeter in combination with a chart recorder. The electrodes were calibrated to the overlying water which was sampled prior to each profile and analysed using standard techniques (Strickland & Parsons 1972) . A micromanipulator allowed measurements to be taken in vertical steps of 500 pm t 10 Km. Eight individual profiles were made on each of 3 established burrows in order to construct a 2-dimensional map of O2 distribution based on oxygen isopleths.
While at sea the oxygen profile of a fresh sub-core, which was taken directly from the box core, was obtained using the oxygen micro-electrodes. In addition, a Niskin bottle was attached to the Soutar Box Core, triggered to take a water sample ca 1 m above the sediment as the corer impacted with the mud. The dissolved oxygen of the water sample was determined using a modified colorimetric micro-Winkler technique described by Broenkow & Cline (1969) .
Laboratory experimentation. Adult Lucinoma aequizonata were exposed to elevated concentrations of hydrogen sulfide for 8 wk. The effect on the host organism was determined by monitoring a relatively dynamic physiological parameter (e.g. the adenylate pool) and a less responsive parameter (e.g. the glycogen reserve). In addition, the growth rates of selected individuals were monitored using a highly accurate laser diffraction measuring device (Stromgren & Cary 1984) . The effects of sulfide on the symbionts was determined by monitoring the elemental sulfur content of the gills, which is thought to be a n index of bacterial condition (Vetter 1985) .
Four aquaria were set up with a constant flow of chilled seawater (7 "C), partially stripped of oxygen to simulate natural conditions (20 W M ) . Concentrated sodlum sulfide was pumped into the intake line of each aquarium such that the resulting sulfide concentrations were maintained at 10, 30 or 50 PM. Distilled water was used in place of sodium sulfide for the zero sulfide control. The sulfide concentration in each aquarium was monitored daily by a colorimetric technique (Cline 1969) . Oxygen was measured with a sulfide-insensitive polarographic oxygen electrode (Revsbech & Ward 1983) . The clams were allowed to acclimate for l wk in a holding tank with no sulfide source. Fifty mediumsized individuals (1.5 to 2cm) were placed in each aquarium; half of the specimens were mounted on plexiglass platforms for growth rate measurements, and half were held on a rack off the bottom to be used for the biochemical analyses.
Five clams were removed from each treatment every 7 d for the 5 wk duration of the study. These specimens were dissected, and the tissue was frozen immediately in liquid nitrogen to ensure the stability of the adenylates. The tissue samples were stored at -80°C until the end of the experiment. Clams held on the plexiglass platforms were removed from the tank weekly and measured. They were not held out of water for longer than 5 min during the measuring procedure.
Methods for the extraction and analyses of adenylates are described in detail in Vetter & Hodson (1982) . ATP measurements were made directly from the extract: the luciferin-luciferase reaction emitted light in proportion to the ATP concentration. ADP and AMP were enzymatically converted to ATP and quantified by difference. Enzyme conversions were corrected by using separate standard curves and regression equations for each of the 3 adenylates. The bioluminescence was measured on an LKB Luminometer 1250 interfaced to a digital integrator. Glycogen content of the tissue was determined on the same extract by an enzymatic technique described by Keppler & Decker (1983) . Where appropriate, the data were examined via 2-way analyses of variance (2x ANOVA) and pair-wise comparisons of means by Student-Newman-Keuls ( a -0.05).
Elemental sulfur is insoluble and precipitates during the adenylate extraction procedure. The elemental sulfur content of the remaining pellets was determined by benzene extraction (Vetter 1985) . The pellets were freeze-dried and extracted twice in benzene for 24 h. The resulting supernatants were combined, evaporated to dryness under nitrogen and redissolved in a known volume of benzene. Aliquots of the extract were spotted onto strips of filter paper and assayed spectrophotometrically according to Schedel & Triiper (1980) .
In addition, during the course of this study, yellowand black-gilled clams (5 each) were incubated either in the presence of no sulfide or in the presence of 30 P M sulfide for 3 wk. At the end of this period, the clams were removed and assayed for blood sulfide and thiosulfate concentrations as previously described.
RESULTS

Sediment chemistry
The Santa Barbara basin is a high depositional environment due to highly productive surface waters and a close proximity to terrestrial run off (Hulsemann & Emery 1961). The sediment is of fine-grain hemipelagic consistency and, even with the high organic input, no varving or layering was observed in any of the cores taken from the 500m contour.
The analyses of metals in pore water can be used to establish depth profiles that define redox conditions and diagenetic reactions occurring in the sediments. Although there was some variability in the pore water chemistry between various sites in the Santa Barbara Basin at 5OOm the geochemical trends are best represented in the sediment taken from the box core in which a healthy clam was recovered (SB-1) and a shallower core (SB-2) from the southwestern side of the basin (Fig. l ) . Geochemical analyses of pore water were carried out on SB-1 and the organic and thiol measurements conducted on SB-2.
Average sediment temperature in the box cores was 7.2"C, and the water content of the sediment ranged from 74 to 64 O/O by weight. The oxygen concentration ca l m above the sediment-water interface was extremely depleted (18 to 20 KM). Typically, in a reducing habitat, when all oxygen has been consumed by the oxidation of organic matter, the redox potential is driven low enough to favor the next most efficient oxidant. In the cores taken from the Santa Barbara Basin at 500m, oxygen disappeared from the pore waters in the first few millimeters of the core.
Nitrate was present at low concentrations throughout the cores indicating significant nitrate reduction (denitrification). This early nitrate depletion was closely followed by a mobilization of dissolved manganese (~n~+ ) and, slightly deeper in the core, by dissolved iron (Fe2+), both originating from high concentrations of solid phase manganese and iron oxides in the sediments (Fig. 2) . In classical redox sequences, when solid phase manganese and iron are depleted, the dissolved iron and manganese profiles are intersected by the reduction of sulfate, the oxidant producing the next most energy. However, in this sediment, elevated iron and manganese profiles persist throughout most of the core without any indication of sulfate reduction. In the deeper core (SB-l), at 17 cm depth, a depletion of iron corresponded to a n enrichment in ammonia (Fig. 2) . In reducing environments, ammonia enrichment would normally indicate the occurrence of significant sulfate reduction (Froelich et al. 1979) ; however, in these sections, sulfate concentrations remained relatively constant throughout the cores. Sulfide and thiosulfate elevated sulfide levels (21.7 f 2.41 yM, n = 8) and were often associated with high densities of fecal pel- weight), decreasing slightly with depth (Fig. 3 C ) . The sively increased 4-fold to 20 pm01 g-' dry weight at the bottom of the core (Fig. 3D) . section (Fig' 4) Thiol' concentrations in blood and mantle water Analysis of the blood and mantle water can provide insight into the levels of reduced sulfur compounds experienced by Lucjnorna aequizonata in its natural habitat and may indicate how the reduced sulfur compounds are later manipulated by host and symbiont. The blood chemistry of clams collected by Van Veen grab and the Otter Trawl were not significantly different and so were treated as one group.
The concentration of free sulfide in the blood of the naturally occurring yellow-gilled clams (9.51 f 2.7 PM, n = 23) was not significantly different than that of clams with black gills (8.89 + 4.6 PM, n = 14), however, in both cases, the blood sulfide was elevated over the sulfide concentration in the mantle water (Table 1 ). The thiosulfate levels in the blood (62.13 f 21.7 PM, n = 23) and mantle water (77.83 + 13.8 PM, n = 23) of tht.se yellow-gilled clams were an order of magnitude higher than the associated sulfide concentration. In addition, these thiosulfate levels were considerably higher than any of the thiols in the blood or mantle water of Ihe black-gilled clams (Table 1) .
Clams with yellow gills that were held in a n aquarium free of sulfide for 3 wk had significal~tlv lower blood thiosulfate concentrations than naturally occurring clams with a similar gill color (Table 1 ). In addition, there was a noticeable fading of the yellow coloration during the period of the incubation, presum-' 'Thiol' is used in a broad sense to include those reduced sulfur compounds derivatized by the thiol reagent, monobromobimane (Fahey & Newton 1987) . It includes sulfide, thiosulfate and sulfite as well as true sulfhydryl compounds ably because elemental sulfur stores were utilized by the bacteria. The blood thiol concentrations of the black-gilled clams held free of sulfide remained unchanged. Yellow-gilled specimens, maintained in an aquarium which was continuously supplied with sulfide (30 ,uM), showed the highest levels of thiosulfate (1.7 P M ) and had blood sulfide concentrations that matched the external sulfide levels in the treatment. The black-g~lled clams, held under the same conditions, had both sulfide and thiosulfate concentrations which were elevated but not to the extent of the yellow-gilled clams.
Physiological studies
Due to the opaqueness of the shell it was impossible to determine gill color prior to the incubation experiments. This resulted in a high initial variability in the adenylate pool and in glycogen stores. This variability
Luc~noma aequizonata
Host tissue (n =io) Gill tlssue In -3)
Mitrella permodestra Ln -l )
Cyclocard~a venrricosa In = 2)
Pore water free amino ac~ds'
Other symbiont -containing bivalves Common marlne heterotrophs was retained throughout the experiment, resulting in no significant difference between clams held under any of the 4 sulfide concentrations. The high degree of individual variability in glycogen stores and energy charge hinders our interpretations of the results. Growth and elemental sulfur content provided clues to assess the physiological conditions of the clam and symbionts in response to the presence of sulfide. An initial lag period of l wk was observed before any stimulation of growth was detected (Fig. 6 ). Maximum growth rates (12.1 t 2.2 pmd-l) were achieved after 4 wk at the lowest sulfide concentration. Under each of the higher sulfide concentrations that the clams were exposed to, the growth rates decreased. The growth rates of clams held in 50 yMsulfide were lowest and not significantly different from those held without sulfide.
The production and accumulation of elemental sulfur has not been detected or observed in eukaryotes and is believed to be exclusively a prokaryotic trait. A change in elemental sullur content would, therefore, Indicate a metabolic response by the bacterial endosymbionts to the external conditions provided. The elemental sulfur content of clams held wthout sulfide decreased to undetectable levels in only 3 wk (Fig. 6) . Although clams incubated at the highest sulfide concentrations accumulated the most elemental suIfur (8 to 11 O/O) they also suffered the highest mortality (62 X). Clams incubated at 10 y M sulfide had no mortality throughout the course of the experiment and had elemental sulfur levels similar to those of naturally occurring Lucinoma aequizonata (4 to 6 %).
Artificial habitat experiment
In the artificial habitat experiments the clams constructed and remained in shallow burrows about 2 to 5 cm in depth for extended periods of time. The clams normally established both inhalant and exhalant siphons to the sediment surface in several days. Microelectrode oxygen measurements of the artificial habitats in the laboratory corresponded to those of the sub-cores sampled on the ship. The sediment showed no oxygen several millimeters below the sediment surface. The overlying water oxygen concentrations averaged 20 yM. The clams maintained the burrow oxygen level higher than that of the surrounding sediment but considerably lower than in the overlying water (Fig. 7 ). 
SUB-OXIC ZONE
The siphon walls were often orange, probably due to iron oxide accumulation. Analyses of the artificial habitats have shown that the clam, although positioned near the sediment surface, uses its vermiform foot to extend and penetrate repeatedly up to 3 timesits body lengthinto the sediment. The foot often remained fully extended down in the sediment for prolonged periods of time. The clams were observed to dig 4 to 5 tunnels below the burrow each week. These tunnels would often remain for 10 to 15 d.
DISCUSSION
Habitat characterization
The profiles of pore water constituents that are either produced or consumed during organic carbon oxidation can be used to identify the redox conditions in the sediments (Froelich et al. 1979) . Such profiles enable us to interpret the position and mobility of certain reduced compounds in the sediment. The shapes of the profiles are dependent on oxygen conditions, detrital carbon input, and the influence of bioturbation. In most organic-rich sediments, the complete redox sequence is compressed into the upper few centimeters unless bioturbation irrigates the mud enough to extend the profiles deeper.
The depth and characteristics of the metal profiles in the pore waters from the 500m contour of the Santa Barbara Basin indicate substantial bioturbation. However, the extent of these redox sequences does not appear to include significant sulfate reduction, as indicated by lack of sulfide and a diminishing sulfate profile. Sediments such as these that are devoid of oxygen and have a high organic load would normally support extensive sulfate reduction with sulfide accumulation. An increase in ammonia concentration, as seen in the lower portions of the core, is a result of denitrification and would normally identify the region of sulfate reduction. In addition, the presence of metal-bound sulfides (acid-volatile sulfides) verifies that some sulfate reduction does occur in the sediment. It is conceivable that slight sulfate reduction is present yet the products are below our detection limits (0.5 P M ) and that infaunal mixing of the sediments, as suggested by the lack of visible varving, could irrigate the sediment enough to replenish any reduced sulfate and oxidize any sulfide that has been produced. The lack of an established sulfide boundary, as would normally occur in similar sediments, may also be attributed to the rapid titration of sulfide by high concentration of dissolved iron available throughout the upper portions of the sections. These metal sulfides may be moved up in the sediment by the infauna where they are reoxidized. Although the sediment lacks oxygen, the presence of sulfate not detectably different from the overlying seawater signifies the absence of intense anoxia. Froelich et al. (1979) described a similar environment as suboxic rather than anoxic because of the incomplete nature of the redox sequence. We are, therefore, more apt to define the habitat of Lucinoma aequizonata as sub-oxic and postulate that the unique geochemistry of this restricted habitat is maintained through the extensive mixing by the infaunal populations. This mixing is important because it limits the possible accumulation of sulfide.
The lack of a distinct source of dissolved sulfide in the sediment is a paradox, because the chemosynthetic bacterial endosymbionts in the gills of the clams reportedly rely on reduced sulfur compounds (Vetter 1985 ) and would then presumably require a source of reduced sulfur (e.g. sulfide, thiosulfate, polythionate, sulfite, or elemental sulfur). In addition, the presence of elemental sulfur accumulating in the production. These data provide indirect evidence that gills of Lucinoma aequizonata suggests that the transport of reduced sulfur compounds from these isoendosymbionts are receiving adequate supplies of lated patches to the clam occurs. reduced sulfur compounds (Vetter 1985) . During periods when reduced sulfur compounds are abundant, certain sulfur-oxidizing bacteria store elemental sulfur Blood thiols within the periplasmic space as a stable intermediate oxidation product (Schedel & Triiper 1980, Lawrey et Lucinoma aequlzonata maintains a position in the al. 1981, Strohl et al. 1981) .
sediment to acquire poorly oxygenated overlying water Dando et al. (1985 have identified several and reduced sulfur compounds from deeper in the symbiont-containing bivalves capable of oxidizing mud, for its symbionts (Fig. 7) . Sulfide, the most reduced sulfur compounds that also reside in sediments reduced form of sulfur, is a highly toxic molecule that low in sulfide. They suggest that the low concentrations poisons the cytochrome c oxidase system and inhibits of reduced sulfur immediately available in the sediaerobic respiration at concentrations in the low miment is insufficient to meet the needs of the symbionts cromolar range (National Research Council 1979). (Dando et al. 1985) , and have proposed 2 mechanisms Adaptations to avoid sulfide toxicity have been disthat might augment the supply. Reduced sulfur comcovered in several marine invertebrates residing in pounds could be obtained (1) from partially oxidized sulfide-rich habitats including the blood-binding probound metal sulfides (iron sulfide) available through tein found in the hydrothermal vent tube worm Riftia the walls of the inhalant siphon or (2) from biogenic pachyptila (Arp & Childress 1983) , and the highly remineralization of accumulated pseudofeces. Both specialized hepatopancreas of the vent crab Bythomechanisms appear unlikely in the case of Lucinoma graea thermydron (Vetter et al. 1987) . The levels of aequizonata as metal sulfides in the vicinity of the short reduced sulfur compounds in the blood of L. siphons were below detection limits and no sulfide aequizonata indicate how these clams might extract accumulation occurred in the sediments immediately sulfide from the sediment and resist its possible toxic associated with the clam.
effects. Sulfide concentrations in the blood and mantle
The elevated sulfide and thiosulfate concentrations water of naturally occurring clams are similar regardin the blood of naturally occurring Lucinoma aequiless of gill color. However, blood thiosulfate was conzonata suggest that they are experiencing much higher siderably elevated over blood sulfide only in clams with levels than have been detected routinely at any specific stores of elemental sulfur. These reduced sulfur condepth in the cores (Table 1) . Although sensitive HPLC centrations were considerably higher than those found techniques could not detect any distinct sulfide boundin the sediment. Clams held at elevated external sularies within the cores, small (1 to 2cm diameter) isofide levels showed a n increase of the blood sulfide lated pockets of black sulfidic mud were found ranconcentration to match the external concentration. In domly dispersed in the sediment. These pockets, preaddition, during prolonged incubations, blood thiosulsumably caused by the deaths of infaunal organisms, fate concentrations increased by almost 2 orders of often had sulfide levels 2 orders of magnitude higher magnitude. When yellow-gilled clams were held free of than the surrounding sediment and might suggest an sulfide, thiosulfate in the blood was rapidly depleted to alternative strategy for the clams to obtain reduced match levels normal to black-gilled animals. sulfur. The frequency and longevity of these patches These observations suggest that the host extracts are unknown. However, they could provide a sulfide from the sediment and partially oxidizes it to peripheral source of sulfide sufficient for the symbiosis thiosulfate, a slightly less energy-rich form of reduced if they were accessible to the clams. A characteristic of sulfur. As thosulfate, the charged reduced sulfur is several lucinid species is their capacity to establish a n non-toxic, somewhat less diffusible than sulfide (Beerextensive network of tunnels deep in the sediment man 1924), and can b e concentrated in the blood. It is (Stanley 1970 . These tunpossible that this oxidation process may occur at the nels are produced by the foot and often exceed 20 cm in extremities of a n extended foot. The enzyme sulfide depth. In the artificial habitat experiments specimens oxidase, which would be responsible for this initial of L. aequizonata established and maintained an averoxidation process, has higher activity in the foot than in a g e of 4 to 5 tunnels each week. It is conceivable that the mantle tissue of Lucinoma aequizonata (J. O'Brien the repetitive probing by the clam would b e an efficient pers. comm.). Thiosulfate and possibly low levels of mechanism to locate these isolated sources of sulfide, sulfide in the blood could then b e supplied to meet the In addition, the blood sulfide concentrations of L.
energetic needs of the symbiotic bacteria. Thiosulfate aequizonata reflect the lower range of sulfide concenstimulates CO2 fixation in the sulfur symbiont-containtration detected in these isolated pockets of sulfide ing sewage clam Solemya reidi (Anderson et al. 1987) and the hydrothermal vent mussel Bathymodiolus thermophilus (Belkin et al. 1986) . It is conceivable that in our incubation experiments, where all tissues of the clam were bathed in elevated concentrations of sulfide, the oxidizing capacity of the foot could not cope with the sulfide available resulting in an Increase of blood sulfide concentrations. The use of a sulfide oxidation mechanism which is peripheral to the host appears to be an efficient technique to modulate internal sulfide concentrations. As mentioned earlier, when external sulfide levels were increased in the laboratory the host continued to oxidize the sulfide partially to thiosulfate as indicated by the extremely high concentrations of thiosulfate in the blood. This resulted in a massive accumulation of elemental sulfur in the gills. In addition, recent gill tissue analyses using a modified Limulus lysate assay (Watson et al. 1977) demonstrated that an increase in elemental sulfur is accon~panied by an increase in bacterial biomass (Cary unpubl.) . Although these conditions may appear optimal for the bacteria, clams incubated in sulfide concentrations greater than 10 yM showed both decreas~ng growth rates and increased mortality. It appears that these higher concentrations of sulfide bathing the entire clam were beyond the oxidizing capabilities of the host to maintain sulfide at nontoxic levels in the blood, and eventually the blood sulfide levels increase resulting in metabolic stress in the host. Maintenance of the source of sulfide coupled with a process of partial oxidation is an effective technique to maintain homeostasis. In addition, it has been suggested for Solemya reidi, a clam inhabiting sulfiderich environments, that the oxidation of sulfide by the host might b e coupled to oxidative phosphorylation resulting in ATP synthesis (Powell & Somero 1986 ). This, however, has not been examined in Lucinoma aequizonata.
The present study is the first attempt to determine fine-scale growth rates of an infaunal bivalve. The growth rates of Lucinoma aequizonata are extremely slow when compared to Mytilus edulis fed natural phytoplankton (Stromgren & Cary 1984) or to mussels that contain methylotrophic endosymbiotic bacteria, fed only methane (Cary et al. 1988) . However, the conditions under which the clams in this study were held were far from optimal and the growth rates should not be considered to represent in situ rates. These growth measurements can only be used as an indicator of present condition for comparison between the various environmental treatments. Schedel & Triiper (1980) demonstrated that the facultative anaerobe Thiobacillus denitrificans, which derives its energy from the oxidation of reduced sulfur compounds, grows anaerobically only with thiosulfate as the electron donor and nitrate as the terminal electron acceptor. When thiosulfate is in excess, a conspicuous amount of elemental sulfur is transiently accumulated intracellularly in a highly reactive state that is immediately available as an energy source when thiosulfate levels decrease. Thiosulfate is cleaved by rhodanese into 2 sulfur moieties with oxidation states of elemental sulfur and sulfite. The elemental sulfur is anaerobically oxidized to sulfite in a reaction catalyzed by a siroheme-containing enzyme with the required oxygen derived from water molecules.
Several observations infer a relationship between the energy-acquiring strategies used by Thiobacillus denjtrificans and the symbionts of Lucinoma aequizonata. First, when the symbionts of L. aequizonata experienced high blood thiosulfate concentrations there was a corresponding increase in the levels of intracellular elemental sulfur in the symbionts. This sulfur was utilized when the clams were held free of sulfide and blood thiosulfate concentrations decreased. Secondly, the potential for nitrate reduction has been reported in L, aequizonata by the presence of nitrate reductase (J. Stein pers. comm.), however, this assay is not specific to an assimilatory enzyme but could be measuring the enzymes used for dissimilatory reduction of nitrate by the electrons generated through the anaerobic oxidation of thiosulfate. Thirdly, the activity of rhodanese in L. aequizonata is the highest reported for any sulfur symbioses and could identify the importance of thiosulfate in the metabolic strategy of the symbionts. Fourthly, COz fixation rates in bacteria isolated from the gills of L. aequizonata increased dramatically when held under low oxygen conditions (J. Pino pers. comm.).
If Lucinoma aequizonata does follow a similar metabolic strategy to Thiobacillus denitrificans the clam must maintain a low oxygen environment in the vicinity of the bacteria in order to avoid the poisoning of nitrate reductase, together with an ample supply of nitrate. The very low ambient oxygen concentration at the depth of occurrence in the Santa Barbara Basin and in the burrow may in itself be sufficient. In addition, a soluble protein characterized with a typical heme Soret absorbtion band has been detected in the gill tissue (Cary unpubl.) . Other syrnbiont-containing bivalves from low sulfide environments contain similar heme proteins having extremely high oxygen binding affinities (Read 1962 , Fisher & Hand 1984 , Dando et al. 1985 . The function of these heme proteins might b e to protect the symbionts from excess oxygen that could interfere with autotrophic processes especially during periods when the basin flushes and oxygen concentrations increase. The requirements of nitrate should b e adequately met by accessing the high concentrations To summarize, it is conceivable that during periods when sulfide is not available to the clam, the endosymbiotic bacteria will utilize the thiosulfate pool in the blood and, once that is depleted, will draw on their own elemental sulfur stores. It is presumed that during this time the transport or production of bacterial translocation product declines resulting in decreased growth rates of the host. After a prolonged period of sulfur starvation the gills blacken and atrophy due to the reduction of sulfur stores and the endosymbiont population, a s was similarly reported by Southward (1986) . With the symbiont population depleted, the host must subsist on stored reserves such as glycogen. In the laboratory we maintained several Lucinoma aequizonata alive for u p to 1 yr without a source of reduced sulfur. The randomness and transitory nature of sulfide in this habitat may imply long periods between available sulfide and might account for the extreme individual variability measured in blood sulfide, thiosulfate and gill elemental sulfur content.
Alternative sources of reduced carbon
Because of the unpredictable availability of reduced sulfur in this habitat, it is important to evaluate other possible sources of reduced carbon. Stable carbon isotopes are particularly useful in verifying the existence and assessing the nutritional contribution of prokaryotic endosymbionts in marine invertebrates (Rau 1981 , Southward et al. 1981 , Paul1 et al. 1985 , Brooks et al. 1987 . The I 3 c / l 2 c ratios for Lucinoma aequizonata fall within the range reported for other bivalves that contain sulfur-oxidizing chemolithoautotrophic endosymbiotic bacteria (Fig. 5) . L. aequizonata are considerably depleted in I3C in comparison to heterotrophic representatives from the same habitat whose isotope values reflect dietary carbon derived ultimately from marine phytoplankton (Gearing et al. 1984) . The carbon isotope values closely reflect CO2 fixed by prokaryotic carboxylase (Degens 1969 , Ruby et al. 1987 ) which confirms the importance of the endosymbionts as a source of reduced carbon to the host.
Previous isotope studies have qualitatively assessed the contribut~on of the bacteria by directly companng symbiont and non-symbiont containing tissues; unfortunately in these studies most of the biomass in the symbiont containing tissue belonged to the host. More recently, Conway et al. (1988) partially purified the endosymbiotic bacteria from the gills of Solemya velum in order to reduce the possible isotopic influence of contaminating host tissue. This permitted a more quantitative assessment of the host-symbiont nutritional relationship. The carbon isotope values of the bacterial fraction and host tissue were similar, and a 2-source mixing model that incorporated isotopic values of filterfeeding bivalves from the same habitat as S. velum revealed that S. velum obtains almost all (98 O/O) of its reduced carbon from its endosymbiotic bacteria.
In the present study, we were able to obtain bacterial preparations from the gills of Lucinoma aequizonata that were clear of host tissue. The purified bacteria had the lightest 613C values (-34 %o) reported for this type of symbiosis, and were significantly lighter than those of host tissue (-29%0). The tissues of an animal are usually slightly enriched (1 to 2 %o) in 13c in comparison to that of their food (DeNiro & Epstein 1978) . The isotopic distance between L. aequizonata and its symbiont was considerably greater (5 %o) than that reported for Solemya velum (Conway et al. 1988 ) and reflects the influence of a n additional carbon source(s) with heavier carbon isotope characteristics. If w e assume that the carbon isotope ratios of the control bivalve Cyclocard~a ventricosa reflect a plant-based food source, and the 613C values measured in the purified bacteria is representative of the endosymbionts, then it is possible to estimate the contribution of each of the 2 food sources to the carbon budget of L. aequizonata employing the 2-source mixing model of Conway et al. (1988) . From this model we estimate that L. aequizonata is dependent on its symbionts for 7 5 % of its reduced crabon. Therefore, it is critical to establish the importance of possible alternative sources of carbon that might contribute to the remaining 25 O/O.
Most lucinids have a simplified but functional gut adapted for conditions where the food supply is scarce (Allen 1958) . Although the filtering and sorting mechanisms of the lucinids are relatively inefficient, the guts of several species contain large particles including diatoms ). The stomachs of 4 specimens of Lucinoma aequizonata collected directly out of the sediment were examined and all were found to be empty. Although this is not conclusive, it seems that filter-feeding is not an important source of nutrition to these clams.
Another possible source of reduced carbon could be dissolved free amino acids (DFAA), which were found in high concentrations in the pore waters. Since DFAA in marine sediments are generally enriched in 13C relative to most chemoautotrophically derived carbon (Degens 1969) they could contribute to the heavy isotopic values of the host tissue discussed above. The DFAA concentrations can be compared with those found in more highly productive estuarine and coastal upwelling areas (Hennchs & Farrington 1979 , Jorgensen et al. 1981 , Henrichs et al. 1984 . Concentrations of DFAA in these sediments are 1 to 2 orders of magnitude greater than the levels of DFAA that would be considered an important nutritional source of reduced carbon to filter feeding bivalves (Wright 1982) . However, DFAA that are held within the sediment would generally be accessible only to infaunal species.
Certain sediment-dwelling pogonophorans, which also contain sulfur-oxidizing symbionts and live in lowsulflde habitats, are capable of accumulating significant amounts of the DFAA available in the sediment pore waters. It has been suggested that the nutritional demands for maintenance and growth of the pogonophoran Siboglinum fiordicum could b e met solely on a diet of the DFAA available in the sediment or on 20 % of the reduced carbon fixed by its symbionts (Southward & Southward 1988) . If the clams are extracting sulfide by probing deeper into the sediment, it is conceivable that at the same time significant amounts of DFAA may also be obtained, providing a continuous input of reduced carbon and amino nitrogen. The uptake rate of DFAA by Lucinoma aequizonata has not been investigated; however, such a nutritional supplement could b e important, particularly during periods when sulfide is not available and presumably the translocation of bacterial carbon is greatly reduced.
CONCLUSION
Adults of Lucinoma aequizonata live in a sub-oxic habitat that is maintained by bioturbation. This infaunal mixing appears to restrict the accumulation of reduced sulfur compounds in the sediment. The clams obtain reduced sulfur for their resident endosymbionts from isolated pockets of sulfidic mud randomly dispersed in the sediment. It appears that by periodically tapping these peripheral sulfide supplies and by the partial oxidation of the sulfide to thiosulfate, the host can modulate the internal sulfide concentrations below toxic levels. Thiosulfate is non-toxic and can be concentrated in the blood where it is eventually utilized by the endosymbionts a s an energy source without harm to the host. When external sulfide concentrations exceed a critical level, toxicity to the clam can b e avoided by the reduction of pumping rates or increased host-mediated sulfide oxidation. This study confirms that (1) elemental sulfur is stored by the bacteria during periods when sulfide and thiosulfate are abundant, and (2) utilized when fluctuations in the redox state of the sediments h i t s the availability of reduced sulfur.
The stable carbon isotope ratio distance between the bacteria and host suggests that about 75 O/ O of the hosts' reduced carbon originated from the endosymbionts. The presence of high concentrations of DOM trapped in the sediment pore waters could account for the heavier host carbon values. It appears that the clam maintains a motile habitat and is capable of tracking and accessing randomly dispersed sources of energy for its symbionts
